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Morphogenesis of influenza virus is a complex multistep process involving transport of all viral components as either
individual or subviral components to the specified assembly site and interaction among the viral components in an ordered
fashion to initiate the budding process. Envelope glycoprotein(s) is believed to be the major determinant in selecting the viral
budding site since the majority of the viral glycoproteins are directed to the budding site independent of other viral
components. Influenza viruses bud from the apical surface of polarized epithelial cells and all three envelope proteins,
hemagglutinin (HA), neuraminidase (NA), and M2, are also targeted independently to the apical surface. Since HA is the major
viral envelope protein, we decided to test whether basolaterally expressed HA can make the virus bud from the basolateral
surface. Accordingly, we introduced the tyrosine-based basolateral-sorting signal to the cytoplasmic tail of HA by changing
Cys561 3 Tyr561 and generated a transfectant virus by reverse genetics. Compared to the parent WSN virus, the mutant
virus (HAtyr virus) contained less HA on its envelope. While the wild-type (wt) HA was 95% apical, the mutated HA (HAtyr)
was approximately 60% basolateral in both transfected and virus-infected polarized MDCK cells. Also, HAtyr protein exhibited
a much higher rate of endocytosis than the wt HA, in both apical and basolateral surface of transfected as well as
virus-infected cells. However, the HAtyr virus, similar to wt WSN virus, was seen to bud almost exclusively (99%) from the
apical side of polarized MDCK cells. This finding was confirmed by using neuraminidase to facilitate virus release, by treating
the collected virus particles with trypsin to cleave HA03 HA1 and HA2, by protein analysis of released virus particles, and
finally, by electron microscopy. Therefore HA, the major glycoprotein alone, does not determine the budding site, and otherKey Words: influenza virus; mutated (Cys561 3 Tyr561)
INTRODUCTION
Two processes are obligatory for the assembly and
budding of enveloped viruses. (i) All structural viral com-
ponents either individually or as subviral components
must be brought to the assembly site. (ii) These compo-
nents must interact with each other to initiate the assem-
bly and budding processes (Nayak, 2000). Some envel-
oped viruses assemble and bud from the intracellular
organelles (Hobman, 1993), whereas others bud from the
plasma membrane (Garoff et al., 1998). Again, the viruses
that assemble and bud at the plasma membrane do not
bud randomly but asymmetrically in polarized epithelial
cells, i.e., some bud from the apical while others from the
basolateral but not from both domains of the plasma
membrane (Compans, 1995). However, what makes the
virus assemble and bud from a specific site in a cell or a
specific domain of plasma membrane remains unclear.
It is generally believed that viral glycoproteins deter-
mine the site of virus assembly and budding. This notion0042-6822/02 $35.00
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comes from the fact that viral glycoproteins accumulate
at the site of the virus budding even when expressed
alone. For example, glycoproteins of viruses, such as
coronaviruses, hepatitis B virus, bunyaviruses, and oth-
ers which bud from the internal subcellular organelles,
possess intrinsic determinants for the same subcellular
localization as the site of virus budding (Hobman, 1993).
On the other hand, glycoproteins of viruses that bud from
the plasma membrane are not retained in the internal
organelles but are transported to the plasma membrane.
Moreover, for this latter group of viruses, the viral glyco-
proteins possess either apical or basolateral sorting sig-
nals and are directed to the apical or basolateral surface,
the specific site where virus assembly and virus budding
occur in polarized epithelial cells. Furthermore, in differ-
ent cells and tissues where some viruses bud from the
opposite membrane, their glycoproteins are distributed
accordingly. For example, Semliki Forest viruses (SFV)
bud apically from Fischer rat thyroid (FRT) cells but
basolaterally from CaCo-2 cells; similarly, p62/E2, the
envelope glycoproteins of SFV, are targeted apically infactor(s), possibly both viral and host, is responsible for sele
1 To whom correspondence and reprint requests should be ad-
dressed. Fax: (310) 206 3865. E-mail: dnayak@ucla.edu.
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FRT cells but basolaterally in CaCo-2 cells (Zurzolo et al.,
1992). However, since apical and basolateral distributioncting th
hemag
of p62/E2 glycoproteins were determined in virus-in-
fected cells, it cannot be ascertained from these exper-
iments if other viral components affected the distribution
of envelope glycoproteins of these viruses.
For retroviruses, particularly human immunodeficiency
virus (HIV), which buds from basolateral surface in po-
larized epithelial cells, it appears that HIV env protein
plays a critical role in determining the basolateral bud-
ding site. It was observed that HIV capsid proteins ex-
pressed alone released particles randomly from both
apical and basolateral surfaces, whereas upon expres-
sion of the envelope protein gp160, virus particles were
released predominantly from the basolateral surface
(Owens et al., 1991). Authors concluded from these stud-
ies that the HIV envelope protein, which is targeted to the
basolateral surface in polarized epithelial cells, deter-
mines the site of virus budding. A further role of the
envelope protein in polarized budding of HIV was sup-
ported by a number of experiments where mutation in
the cytoplasmic tail of gp41 caused nonpolar distribution
of the envelope protein, resulting in the nonpolar bud-
ding of HIV (Lodge et al., 1994, 1997) and affecting cell-
to-cell transmission (Deschambeault et al., 1999). How-
ever, attempts to redirect virus budding into endoplasmic
reticulum (ER) and Golgi by introducing specific retention
signals into the HIV envelope protein failed to direct the
virus to bud from either ER or Golgi (Salzwedel et al.,
1998). Although, in this case, one can argue that the
Golgi and ER environments are much different from that
of the plasma membrane and the glycoproteins may not
attend the proper structural conformation for interacting
with HIV capsids to cause budding. On the other hand,
mutations in the matrix domain of the Gag protein
caused redistribution of both Gag and env protein on the
plasma membrane (Hermida-Matsumoto and Resh,
2000), suggesting that the envelope protein may not be
the only determinant for selecting the site for HIV bud-
ding.
Experiments with measles virus have shown that the
budding site in polarized epithelial cells was not deter-
mined by glycoproteins (Maisner et al., 1998). Although
viral glycoproteins H and F were transported in a random
fashion and to basolateral membrane, respectively, virus
budding occurred predominantly from the apical surface
of polarized MDCK cells. Similarly, although Marburg
virus buds predominantly from the basolateral surface,
its glycoprotein is transported to the apical surface
(Sanger et al., 2001). With human cytomegalovirus (CMV),
pp150, a nonenvelope tegument protein, was critical for
the site of virus assembly (Sanchez et al., 2000). More
recently it was shown that vesicular stomatitis virus
(VSV) G protein (targeted basolaterally) does not deter-
mine the basolateral budding of that virus (Zimmer et al.,
2002). These studies suggest that viral glycoproteins
may not be the only or major determinant for the site of
virus budding.
Influenza virus, which assembles and buds from the
apical plasma membrane in polarized epithelial cells,
has been used extensively as a model for studying pro-
tein targeting. It possesses three transmembrane pro-
teins, hemagglutinin (HA), neuraminidase (NA), and M2,
all of which are apical. Both HA and NA interact with lipid
raft by the sequences present in their transmembrane
domains, which also possess signals for apical transport
(Kundu et al., 1996; Lin et al., 1998; Barman and Nayak,
2000; Barman et al., 2001). M2, which is also an apical
protein (Hughey et al., 1992), does not interact with lipid
raft (Zhang et al., 2000b) and the apical signal of M2 is
unknown at present. Of these three envelope proteins,
HA, the major glycoprotein, comprises over 80% of the
envelope proteins present in virus particle. In transfected
cells, a single amino acid change (Cys543 3 Tyr543) in
HA (H2) was shown to direct HAtyr to the basolateral
side and did not affect the intracellular transport and
cell-surface expression of the mutant protein (Brewer
and Roth, 1991). A mutant virus containing the basolat-
eral HA (HAtyr), therefore, could be used for determining
the role of HA on the budding site of influenza virus
particles. With this objective in determining the role of
this major glycoprotein (HA) in selecting the site for virus
budding, we made a transfectant virus with the HAtyr
using reverse genetics. We observed that the transfec-
tant virus with basolateral HAtyr also budded from the
apical side, i.e., from the same site as the wild-type virus,
even though the majority of HA was directed to the
basolateral side, demonstrating that HA, the major en-
velope protein, was not the determinant for the site of
assembly and budding of influenza virus particles. A
preliminary report of this work was presented in the 20th
Annual Meeting of the American Society for Virology
(Adhikary et al., 2001). While this work was in progress,
an article was published describing similar results on
influenza virus budding (Mora et al., 2002).
RESULTS
Generation and properties of the transfectant mutant
(HAtyr) virus
A single amino acid mutation was introduced in the
cytoplasmic tail of HA (Cys5613 Tyr561) (Fig. 1) by PCR
mutation. The transfectant virus (HAtyr virus) was gener-
ated by using the procedure for rescuing viruses entirely
FIG. 1. Schematic presentation of HAtyr (Cys561 3 Tyr561) mutant.
Mutation (Cys5613 Tyr561) was introduced into the cytoplasmic tail of
HA. ED: ectodomain; TMD: transmembrane domain; CT: cytoplasmic
tail.
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from cloned cDNAs without using any helper virus (Neu-
mann et al., 1999) and mutation in the cytoplasmic tail of
HA in the progeny virus was confirmed by sequencing
the RT-PCR product of virion HA RNA.
Virus stocks were prepared at 33°C in virus growth
medium (VGM) (see Materials and Methods) containing
0.5 g/ml trypsin, by infecting MDCK cells at 0.001 mul-
tiplicity of infection (m.o.i.). Under these conditions, max-
imum titer of HAtyr virus was usually 0.5 to 1 log less
than that of Wilson Smith neurotropic (WSN) virus as was
also observed at 0.05 m.o.i. However, the virus yield of
both WSN and HAtyr virus at 36 hpi in MDCK cells
infected at 1 m.o.i. was essentially the same (data not
shown), suggesting that the reduced titer of HAtyr virus
at low m.o.i. (Table 1) was likely due to less efficient
reinfection during multiple cycles of infection.
To determine whether HAtyr mutation caused any tem-
perature-sensitive defect, MDCK cells were infected at
0.05 m.o.i. and virus titer was determined at 33, 37, and
39.5°C at 48 hpi. Results (Table 1) showed that WSN
produced essentially the same virus titer at all three
temperatures, as expected. HAtyr virus yield, on the
other hand, was same at 33 and 37°C, but about three
times less at 39.5°C (Table 1). Therefore, at 39.5°C,
HAtyr virus was slightly more temperature sensitive than
WSN but did not exhibit any temperature defect at either
33 or 37°C.
Plaque morphology of WSN and HAtyr viruses was
determined at different temperatures as well as in the
presence or absence of trypsin in the agar overlay me-
dium. Results (Table 1) show that although in the ab-
sence of trypsin, WSN and HAtyr viruses produced visi-
ble plaques at 48 hpi at 33°C and at 20 hpi at both 37 and
39.5°C, their plaque morphologies were distinctly differ-
ent. In the absence of trypsin, WSN produced clear
visible plaques, whereas HAtyr virus produced turbid
and smaller plaques (2.3 mm vs 1.3 mm diameter, Table
1) at all three temperatures. However, in the presence of
trypsin in the agar medium, both viruses produced sim-
ilar large clear plaques (Table 1). Furthermore, in the
presence of trypsin, HAtyr virus plaque number in-
creased almost two folds, whereas WSN plaque number
did not increase significantly (data not shown). These
data would also support the finding that reinfection of
HAtyr virus compared to WSN virus during multiple cy-
cles of infection was less efficient in the absence of
trypsin.
To determine whether mutation (Cys561 3 Tyr561) in
HA affected viral protein synthesis and incorporation of
viral proteins into virions, protein synthesis in virus-in-
fected cells at different time postinfection and protein
composition of labeled virus particles were analyzed by
immunoprecipitation with specific antibodies, SDS–
PAGE, and quantified by densitometric analysis. Results
show that the relative synthesis of HA with respect to M1
or NP was essentially similar in WSN and HAtyr virus-
infected cells (Table 2). However, relative incorporation
of HA into WSN and HAtyr virus particles with respect of
MI or NP varied significantly. HAtyr virus contained about
75% less HA than WSN virus when normalized to M1 or
NP (Table 2).
TABLE 1
Effect of Temperature on Virus Growth and Plaque Morphology
33°C 37°C 39.5°C
WSN HAtyr WSN HAtyr WSN HAtyr
Virus Yielda
(PFU/ml) 1.1 108 1.5 107 1.0 108 1.4 107 1.0 108 0.5 107
Time of plaque
appearanceb 48 h 48 h 20 h 20 h 20 h 20 h
Plaque
morphologyc
without trypsin
Clear with
crystal violet
Turbid with
crystal violet
Clear with
crystal violet
Turbid with
crystal violet
Clear with
crystal violet
Turbid with
crystal violet
Plaque sizec
without trypsin 2.3 mm 1.3 mm 2.3 mm 1.3 mm 2.3 mm 1.3 mm
Plaque sized with
trypsin 3.0 mm 3.0 mm ND ND ND ND
a MDCK cells were infected at 0.05 m.o.i. and incubated at 33, 37 and 39.5°C for 48 h and virus yield (PFU/ml) was determined on MDCK cells at
33°C. These are an average of two experiments.
b The time when plaque became first visible. MDCK cells were infected, overlaid with agar medium, and incubated at 33, 37, or 39.5°C and
examined daily for the appearance of visible plaques.
c Plaque morphology and size were determined in absence of trypsin at 60 h at 33, 37, and 39.5°C.
d Plaque size were determined in presence of trypsin at 60 h at 33°C.
ND; Not done.
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Maturation of viral glycoproteins
To determine whether HAtyr mutation affected intra-
cellular transport and processing, the maturation of in-
tracellular HA was determined by Endo H treatment.
Accordingly, WSN or HAtyr virus-infected cells were
pulse-labeled at 4 hpi for 30 min and chased for different
lengths of time. Cell lysates were immunoprecipitated
using monoclonal anti-HA antibody, treated with Endo H,
analyzed by SDS–PAGE, and quantified by densitometry.
Results show that the maturation of HA as determined by
Endo H resistance occurred essentially at the same rate
in both WSN and HAtyr virus-infected cells (Fig. 2).
Therefore, the Cys5613 Tyr561 mutation in the cytoplas-
mic tail of HA did not grossly affect intracellular transport
and maturation of the mutant protein.
Virus morphology
Since deletion of the cytoplasmic tail of HA and NA
has been shown to alter virus budding efficiency and
morphology, including production of more filamentous
particles (Mitnaul et al., 1996) and virus particles with
filamentous, bizarre shape (Jin et al., 1997), we examined
the morphology of HAtyr virus by electron microscopy. As
expected, WSN virus particles exhibited spherical shape
with spikes on the viral envelope with relatively few
(1%) comma-shaped particles. HAtyr particles, on the
other hand, were also mostly spherical but the percent-
age of comma-shaped viruses increased (10%). How-
ever, compared to WSN, HAtyr virus contained fewer
spikes with larger gaps between the spikes (data not
shown). The percentage of virus particles with less
spikes was approximately over 90%. Morphological anal-
ysis showed that spike density on the surface of HAtyr
viruses was about 50% less compared to WSN virus,
again supporting less incorporation of HA into HAtyr
virus particles (Table 2).
Budding of HAtyr virus in polarized MDCK cells
Since tyrosine mutation in the cytoplasmic tail of HA
was shown to cause basolateral targeting of HA (Brewer
and Roth, 1991), we wanted to investigate the role of
HAtyr protein on virus budding in polarized MDCK cells.
Accordingly, polarized MDCK cell monolayers were in-
fected with either WSN or HAtyr virus at 3.0 m.o.i. Super-
natants from apical and basal chambers were collected
at 10 hpi and assayed for PFU. Results (Table 3) show
that infectious viruses were released almost exclusively
from the apical surface for both WSN and HAtyr virus-
infected cells. Over 99% of infectious WSN or HAtyr
viruses were released from the apical surface. These
results were surprising since HAtyr protein, the major
viral envelope protein, was earlier shown to be targeted
to the basolateral surface in transfected MDCK cells
(Brewer and Roth, 1991). A number of possibilities ex-
isted. (i) Due to the absence of NA at basolateral mem-
brane, basolaterally budded viruses were not released
into the medium, or even the released viruses were
noninfectious because basolateral surface HA was not
cleaved to HA1 and HA2, again due to lack of NA. (ii) Due
to improper packaging at basolateral membrane, baso-
laterally released viruses were noninfectious. (iii) Unlike
in transfected cells, HAtyr protein was not targeted to the
basolateral side in virus-infected cells, but behaved sim-
ilar to the apical wild-type HA. (iv) Although HAtyr, the
major glycoprotein, was targeted basolaterally, virus
budding occurred only from the apical side. We exam-
ined each of these possibilities. It is possible that signif-
icant amounts of basolateral viruses were present but
they were noninfectious because HAtyr was not cleaved.
WSN NA, which causes cleavage of HA extracellularly
(Goto and Kawaoka, 1998), is targeted apically and ab-
TABLE 2
Relative Amounts of HA and NA Synthesized Intracellularly
and Incorporated in Virus Particles
WSN HAtyr
Intracellular Virus particle Intracellular Virus particle
HA/NP 1.35 1.67 1.28 0.43
HA/M1 8.65 1.51 6.95 0.28
Note. Virus-infected MDCK cells were labeled with 35S-protein-label-
ing mix for 12 h (4 to 16 hpi). Labeled virus were harvested at 16 hpi and
purified from culture supernatant and lysed in RIPA buffer. For intracel-
lular viral protein synthesis, at 4 hpi, virus-infected cells were labeled
for 1 h and cell lysates were made. Lysates of both purified virus
particles and virus-infected cells were immunoprecipitated with mono-
clonal antibodies against HA, NP, and M1, analyzed by SDS–PAGE,
autoradiographed, and quantified, and ratios were calculated. Results
show average of two separate experiments.
FIG. 2. Endo H resistance of wt HA and HAtyr proteins in virus-
infected cells. MDCK cells were infected with WSN (E) or HAtyr (‚)
virus, labeled with 35S-protein-labeling mix (200 Ci/ml/dish) at 4 hpi for
30 min, chased for varying periods as indicated. HA was immunopre-
cipitated with monoclonal antibody, treated with or without Endo H for
18 h, analyzed by SDS–PAGE, and quantified. Percentage of mature HA
was calculated as HAR/HAtotal from three independent experiments and
average variation was less than 10%.
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sent on the basolateral surface. Therefore, we treated
both apical and basolateral chamber supernatants with
trypsin to cleave any uncleaved HA before plaque assay,
and results show that after trypsin treatment there was
no significant change in the percentage of apically re-
leased viruses (Table 3).
Next, we determined if budded virus particles were
formed but remained attached and aggregated and not
released in the basal chamber because of the lack of NA
on the basal side. Therefore we treated the infected cells
from both apical and basal chambers with bacterial neur-
aminidase and treated the collected viruses with or with-
out trypsin and titrated by PFU assay. Results show that
although there was some increase (20-fold) of PFU in
the basal chamber after both NA and trypsin treatment,
apical chambers still contained over 99% of the virus
particles (Table 3). Therefore neither the virus aggrega-
tion nor the lack of cleavage of HAtyr could account for
the lack of virus release from the basal surface.
To exclude the possibility that the basolaterally re-
leased viruses were noninfectious due to improper pack-
aging at basolateral membrane, we examined the polar-
ized budding of 35S-labeled virus particles. Accordingly,
polarized infected cells were labeled with 35S-protein-
labeling mix for 4–6 hpi and apical and basal chamber
fluids were collected at 10 hpi. Virus particles were
pelleted by ultracentrifugation and immunoprecipitated
with monoclonal HA and M1 antibodies. Results show
that similar to WSN virus, HAtyr virus particles released
exclusively from apical surface (Fig. 3). Again, the HAtyr
virus particles released from apical chambers exhibited
protein composition similar to that of the HAtyr viruses
released from nonpolar cells, i.e., they contained a re-
duced amount of HA. Fluids from the basal chamber
contained little viral proteins and after long exposure of
the autoradiographs, it was observed that HA was not
cleaved (HA0 3 HA1 and HA2) in these particles (data
not shown). These studies together confirmed that in
polarized MDCK cells, virus budding was occurring al-
most exclusively from the apical surface in both WSN
and HAtyr virus-infected cells and that very little virus
was budding from the basal surface in HAtyr-infected
MDCK cells.
Apical and basolateral surface arrival and
endocytosis of HA
Earlier it was reported that cDNA-expressed HAtyr
protein was predominantly sorted to the basolateral sur-
face in polarized MDCK cells (Brewer and Roth, 1991).
Therefore, we wanted to determine whether the HAtyr
protein was also targeted to the basolateral surface in
virus-infected cells as well as in transfected cells. Ac-
cordingly, polarized MDCK cells, grown on filters for
about 60 h, were infected with either WSN or HAtyr virus
and at 4 hpi viral proteins were metabolically pulse-
labeled for 60 min with 35S-protein-labeling mix and
chased for 90 min. Labeled cell-surface proteins were
biotinylated, immunoprecipitated, analyzed by SDS–
TABLE 3
Budding of WSN and HAtyr Viruses in Polarized MDCK Cells
Neuraminidase
(10 U/ml)
Trypsin
(10 g/ml
at 37°C)
WSN HAtyr
Apical
(PFU/filter)
Basolateral
(PFU/filter)
% of
Basolateral
Apical
(PFU/filter)
Basolateral
(PFU/filter)
% of
Basolateral

 1.3 107 1.1 103 0.008 0.7 107 0.8 103 0.011
 1.4 107 1.6 103 0.011 1.5 107 1.9 103 0.013

 1.6 107 1.8 103 0.011 0.9 107 9 103 0.1
 1.7 107 2.4 103 0.014 1.6 107 45 103 0.28
Note. MDCK cells grown for 60 h on Costar transwell polycarbonate insert filters (3.0-m pore size and 24 mm diameter) were infected with either
WSN or HAtyr viruses at 3.0 m.o.i. At 9 hpi, infected cells were treated with or without 10 U/ml of bacterial neuraminidase from both apical and
basolateral chamber for 1 h. At 10 hpi, medium was collected from both chambers and treated with or without TPCK treated trypsin (10 g/ml) at 37°C
for 1 h with gentle shaking and titrated by PFU assay.
FIG. 3. Release of 35S-labeled WSN and HAtyr virions in polarized
MDCK cells. At 4 hpi virus-infected MDCK cells were metabolically
labeled for 2 h with 300 Ci/ml protein-labeling mix and chased. After
3 h of chase (i.e., 9 hpi), cells were treated with () or without ()
bacterial neuraminidase (10 U/ml) from both apical and basolateral
chambers for 1 h. At 10 hpi, virions were collected from apical (lanes A)
and basolateral (lanes B) chambers, immunoprecipitated using mono-
clonal antibodies against HA and M1, analyzed in SDS–PAGE, and
autoradiographed as described under Materials and Methods.
142 BARMAN ET AL.
PAGE, and quantified. The results (Fig. 4) show that
95% HA protein was present on the apical surface of
WSN-infected cells compared to 40% in HAtyr virus-
infected cells, demonstrating that 60% of HAtyr protein
was on the basolateral surface. In addition, it was also
noted that in both WSN and HAtyr virus-infected cells,
the cleavage of HA0 3 HA1 and HA2 was restricted to
the apical surface and no HA cleavage was observed on
the basolateral surface (Fig. 4), again supporting the role
of WSN NA in HA cleavage. Since there were three HA
bands (HA0, HA1, and HA2) on the apical surface and
since HA1 and HA2 were more defuse than HA0, the
surface HA from both the apical and the basolateral side
was trypsin-cleaved (as mentioned under Materials and
Methods) for proper densitometric analysis. Under these
conditions, protein band patterns (i.e., HA1 and HA2)
were similar in both apical and basolateral lanes, and
the percentage of basolateral surface HA (HA1 and HA2)
could be estimated more accurately (Fig. 4). Overall the
percentage of apical and basolateral HA remained es-
sentially the same with or without trypsin treatment, i.e.,
95% and 40% of total surface HA were apical in WSN
and HAtyr virus-infected cells, respectively. The steady-
state distribution of apical and basolateral HA was also
analyzed by surface biotinylation and by immunoblotting
the biotinylated proteins. Results were essentially the
same as those obtained by pulse-chase experiments
(data not shown).
We next examined the kinetics of arrival of wild-type
(wt) HA and HAtyr proteins on apical and basolateral
surface by pulse-chase and surface biotinylation at dif-
ferent times of chase. At 4 hpi, WSN or HAtyr virus-
infected cells were pulse labeled with 35S-protein-label-
ing mix and chased for different lengths of time. At
different times of chase, cells were biotinylated and
trypsinized from either apical or basolateral surface; pro-
teins were immunoprecipitated, analyzed by SDS–PAGE,
autoradiographed, and quantified. The results (Fig. 5)
show that in WSN-infected cells, approximately 60% of
HA reached apical surface and very little was targeted to
the basolateral surface, as expected. In HAtyr virus-
infected cells nearly 34% of the total HA reached baso-
lateral surface and around 20% reached apical surface.
Initial rates of total surface arrival were essentially same
with a t1/2 of about 30 min in wt HA and HAtyr. However,
wt HA continued to accumulate on the cell surface but
HAtyr reached a plateau by 80 min and decreased
slightly thereafter, probably due to endocytosis.
Apical and basolateral distribution of NA was also
determined in virus-infected polarized MDCK cells. The
NA distribution was predominantly apical in both WSN
and HAtyr-infected cells (data not shown). Therefore, NA
targeting was not affected by HA targeting. Our results
showed that 60% of HA was basolateral in HAtyr virus-
infected cells compared to 90% basolateral HAtyr re-
ported earlier in transfected MDCK cells (Brewer and
Roth, 1991). To determine whether this variation of polar-
ized distribution of HAtyr could be due to the presence of
other viral proteins in virus-infected cells, we also deter-
mined the polarized surface distribution of HAtyr in trans-
fected cells. Accordingly, stable MDCK cells expressing
FIG. 5. Kinetics of surface arrival HA and HAtyr proteins in polarized
MDCK cells. WSN or HAtyr virus-infected (at 4 hpi) polarized MDCK
cells were pulse-labeled for 30 min with 300 Ci/ml 35S-protein-labeling
mix and chased for an indicated length of time. Cell-surface proteins
were then biotinylated in the presence of trypsin from either the apical
or the basolateral side, immunoprecipitated using monoclonal antibody
against HA. Immunoprecipitates were eluted from Sepharose beads;
an aliquot of eluted proteins was analyzed for total sample and the rest
was precipitated with Streptavidin–agarose beads for isolating biotin-
ylated proteins. Both samples were analyzed by SDS–PAGE, autora-
diographed, and quantified, and the percentage of apical (‚, Œ), baso-
lateral (, f), and total (E, F) surface proteins were calculated. ‚, ,
and E: wt HA; Œ, f, and F: HAtyr.
FIG. 4. Surface expression of HA and HAtyr proteins in virus-infected
and cDNA transfected polarized MDCK cells. Virus-infected (at 4 hpi) or
cDNA-transfected polarized (filter grown) MDCK cells were metaboli-
cally labeled for 60 min with 200 Ci/ml 35S-protein-labeling mix and
chased for 90 min. Cell-surface proteins were biotinylated in the pres-
ence () or absence () of trypsin from either the apical (A) or the
basolateral (B) side, immunoprecipitated using monoclonal antibody
against HA, analyzed in SDS–PAGE, autoradiographed, and quantified
as described under Materials and Methods.
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HA and HAtyr proteins were established and apical and
basolateral distributions were determined by surface bi-
otinylation assay. The results of polarized surface distri-
bution of HAtyr in transfected cells were essentially sim-
ilar as virus-infected cells. Again, only 60% HAtyr was
basolateral in cDNA transfected stable MDCK cells (Fig.
4). Consequently the lower basolateral surface distribu-
tion of HAtyr of A/WSN/33(H1) compared to that of HAtyr
of A/Japan/305/57(H2) reported earlier (Brewer and Roth,
1991) was presumably due to strain variation. Though 10
aa cytoplasmic tails of HA are exactly the same for both
strains, there are some variations in TMD and ectodo-
mains of these two HAs.
Rapid endocytosis of HAtyr (A/Japan//305/57, H2) in
transfected cells was also reported earlier (Brewer and
Roth, 1991). Consequently the rates of internalization at
apical and basolateral surface of wt HA and HAtyr were
determined for both virus-infected and cDNA-transfected
stable MDCK cells using a biotin internalization assay.
Accordingly, filter-grown MDCK cells expressing HA and
HAtyr proteins or virus-infected cells at 4 hpi were
pulsed labeled for 60 min with 35S-protein-labeling mix
and chased for 90 min. Apical and basolateral surface
proteins were then biotinylated and internalization of the
biotinylated proteins were assayed (see Materials and
Methods). Results (Fig. 6) show that in WSN virus-in-
fected as well as wt HA-transfected cells, internalization
of HA was only minimal, whereas internalization of HAtyr
was much higher at both basolateral and apical sur-
faces. Endocytosis rate of HAtyr was much higher at
basolateral surfaces than that at apical surfaces. Again
the rate of endocytosis of HAtyr (H1) was less than that
of reported for HAtyr (H2) (Brewer and Roth, 1991). The
rate and extent of endocytosis was similar in HAtyr-
transfected cells, suggesting that other viral proteins had
minimal effect on endocytosis.
TX-I00 insolubility of HA and HAtyr in virus-infected
MDCK cells and in virions
With influenza viruses, it has been reported that both
HA and NA become raft associated as determined by
TX-100 insolubility. Furthermore, influenza viruses have
been shown to bud from the lipid raft domain of the
plasma membrane enriched in cholesterol and glyco-
sphingolipids (Scheiffele et al., 1999) and that lipid raft
association is mediated by the transmembrane domain
of HA and NA (Kundu et al., 1996; Lin et al., 1998; Barman
and Nayak, 2000; Barman et al., 2001). Therefore, we
wanted to determine whether HAtyr, a basolateral pro-
tein, was raft associated. Accordingly, filter-grown MDCK
cells were infected with either WSN or HAtyr virus at
3 m.o.i. and at 4 hpi labeled with 35S-protein-labeling mix
for 30 min and chased for 90 min. Surface proteins were
then biotinylated in the presence of trypsin from either
the apical or the basolateral side. Cells were then ex-
tracted with 1.0% Triton X-100 (TX-100); soluble and in-
soluble proteins were immunoprecipitated, analyzed by
SDS–PAGE, and quantified as described under Materials
and Methods. Results (Fig. 7, Table 4) show that at the
apical surface 75% of WSN HA was TX-100 insoluble as
expected for raft-associated apical protein (Zhang et al.,
2000b). A small amount of wt HA present at the basolat-
eral surface was also TX-100 insoluble (87%). However,
under identical conditions, in HAtyr virus-infected cells,
HAtyr was less TX-100 insoluble (62 and 66% at apical
and basolateral surface, respectively). VSV G protein,
used as control for a non-raft-associated protein, was
FIG. 6. Endocytosis of HA and HAtyr proteins in polarized MDCK
cells. Filter-grown MDCK cells stably expressing HA or HAtyr proteins
or cells infected with WSN or HAtyr viruses (at 4 hpi) were metabolically
labeled for 60 min with 35S-protein-labeling mix (200 Ci/ml for WSN
apical, 600 Ci/ml for WSN basolateral, and 300 Ci/ml for HAtyr) and
chased for 1.5 h. Cell-surface proteins were biotinylated (Sulfo-NHS-
SS-Biotin) and biotinylated cells were kept at 37°C in prewarmed VGM
for an indicated length of time for internalization of biotinylated surface
proteins to occur. At indicated times, the biotin attached to the surface
proteins was removed with glutathione-reducing solution and proteins
were immunoprecipitated using monoclonal antibody against HA. In-
ternalized biotinylated proteins were isolated by streptavidin–agarose
beads, analyzed in SDS–PAGE, autoradiographed, quantified, and per-
centage of endocytosis was calculated as described under Materials
and Methods. A: virus-infected cells; B: cDNA-transfected cells. : wt
HA at apical surface; f: wt HA at basolateral surface; E: HAtyr at apical
surface; F: HAtyr at basolateral surface.
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highly TX-100 soluble under identical conditions in par-
allel experiments (Fig. 7, Table 4).
We next determined the TX-100 resistance of different
proteins in WSN, Hatyr, and VSV virus particles. It has
been reported earlier that the TX-100 resistance of dif-
ferent proteins in virus particles was lower than that of
proteins present in cellular membrane (Zhang et al.,
2000b). Accordingly, labeled virus particles were purified
and treated with 1.0 and 0.1% TX-100 and soluble (S) and
insoluble (I) proteins were immunoprecipitated, analyzed
by SDS–PAGE, and quantified. Results (Fig. 7, Table 5)
show that with 1.0% TX-100, about 45% of HA protein was
insoluble in WSN virions, whereas only 9% HAtyr protein
was insoluble. M1 protein also showed almost complete
solubility (only 2% insoluble) in HAtyr virus particles com-
pared to 41% insoluble in WSN virus particles. On the
other hand, NA exhibited similar insolubility in both WSN
(44%) and HAtyr (38%) viruses (Fig. 7, Table 5). VSV G was
almost completely soluble in 1.0% TX-100 (Table 5). Next,
we determined the solubility of virion proteins in a lower
concentration (0.1%) of TX-100. When virions were treated
with 0.1% TX-100, both wt HA and wt HAtyr were highly
insoluble (95 and 88%, respectively), whereas under the
same conditions VSV G was again almost completely
soluble (96.0% soluble) (Fig. 7, Table 5). These results
show that in virus-infected cells, HAtyr protein exhibited
less TX-100 insolubility compared to wt HA and that
TX-100 resistance was similar whether HA was present
in the apical or basolateral surface of polarized MDCK
cells. In virion envelope, HAtyr protein exhibited interme-
diate TX-100 resistance compared to wt HA and VSV G
proteins. Also as expected, M1 protein exhibited less
TX-100 resistance in both HAtyr virus-infected cells and
virions (Table 5), indicating that the raft-association of M1
protein occurred predominantly through interaction with
HA (Ali et al., 2000).
Site of virus budding by electron microscopy
The site of virus budding was examined by transmis-
sion electron microcopy. Accordingly, polarized MDCK
cells grown in filters (polycarbonate) were infected with
either WSN or HAtyr virus at 3.0 m.o.i. and at 10 hpi
infected cells were fixed for thin-section electron micros-
copy. As a control for basolateral virus budding, parallel
cultures were infected by VSV and fixed for a thin section
at 6 hpi. Results show that WSN and VSV-infected cells
exhibited budding from apical and basolateral surface,
respectively, as expected (data not shown). HAtyr virus,
similar to the WSN virus, was also found to be budding
almost exclusively from the apical surface (Figs. 8A and
8B). However, one significant difference was observed in
HAtyr-infected cells. In the lateral intercellular space of
HAtyr-infected cells, we often observed the presence of
empty virus-like structures (Figs. 8B and 8C) with the
same size diameter as the virus particles at apical sur-
face. These virus-like structures were not seen in wt
WSN-infected cells and found only in HAtyr-infected
cells. Whether these particles were due to abortive as-
sembly of M1 and HA remain to be determined. In VSV-
infected cells, the basal membrane was ruffled and sep-
arated from the filter membrane with space between the
basal membrane and the filter, where VSV particles ac-
cumulated (data not shown). However, in the case of
either WSN or HAtyr virus-infected cells, the basal cell
membrane was smooth and in close contact with the
filter membrane (Fig. 8A), further confirming the lack of
budding of HAtyr virus from the basolateral surface.
FIG. 7. TX-100 insolubility of different viral proteins at the surface of
virus-infected MDCK cells (A and B) and in virions (C and D). (A and B)
Filter-grown MDCK cells were infected with WSN, Hatyr, or VSV and
metabolically labeled at 4 hpi for 60 min with 300 Ci/ml 35S-protein-
labeling mix and chased for 90 min. Cell-surface proteins were biotin-
ylated in the presence of trypsin from either the apical or the basolat-
eral side. Cell monolayers were extracted with 1% TX-100 on ice for 10
min. Biotinylated soluble (S) and insoluble fractions (I) were immuno-
precipitated by respective antibodies, analyzed in SDS–PAGE, autora-
diographed, and quantified as described under Materials and Methods.
Ap: apical; Ba: basolateral. (C and D) 35S-labeled virus particles (WSN,
Hatyr, or VSV) were extracted with either 1 or 0.1% TX-100 on ice for 10
min. Soluble (S) and insoluble (I) proteins were immunoprecipitated by
respective antibodies, analyzed in SDS–PAGE, autoradiographed, and
quantified.
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DISCUSSION
Budding and release of infectious virus particles are
critical events in the replication cycle of virus and are
important for virus transmission, pathogenesis, and pro-
gression of viral diseases. However, what determines
the site of virus budding from an infected cell is yet
undetermined. The common notion that the targeting of
glycoprotein(s) is the critical determinant is questioned
by a number of recent reports, which demonstrated that
the sorting of viral glycoproteins and budding site of
viruses in polarized cells did not always coincide. More
recently two reports using reverse genetics have shown
that targeting of major viral glycoprotein HA of influenza
A virus from apical to basolateral surface (Mora et al.,
2002) or of VSV G from basolateral to apical surface
(Zimmer et al., 2002) did not alter the normal budding site
of those viruses. Our studies reported here support and
extend these observations. Our article shows that the
mutant HAtyr viruses containing the basolateral HA pro-
tein bud almost exclusively, similar to the wt WSN vi-
ruses, from the apical side and not from the basolateral
surface, although 60% of HAtyr protein was present in the
basolateral surface in virus-infected polarized MDCK
cells. We further observed that the lack of release of virus
particles into the basal chamber was unlikely due to the
absence of NA in the basolateral surface, since treat-
ment of the infected cells with bacterial neuraminidase
did not significantly increase release of virus particles
(infectious or noninfectious) from the basolateral surface
(Table 3, Fig. 3). Absence of NA in the basolateral mem-
brane of either WSN or HAtyr virus-infected cells was
evident by surface biotinylation assay (data not shown)
and from the lack of any cleavage of HA present in the
basolateral membrane. WSN NA has been found to be
responsible for the cleavage of HA (Goto and Kawaoka,
1998). Absence of NA does not prevent budding, but can
cause aggregation and prevent virus release. However,
the role of NA in polarized budding has not been exam-
ined. Similarly, the role, if any, of the other transmem-
brane protein M2 in polarized is unknown at present.
Next, we considered if interaction of M1 with HA could
have retargeted HAtyr to the apical side by interacting
with the cytoplasmic tail of HAtyr containing the basolat-
eral-sorting signal. However, similar extent of basolateral
TABLE 4
TX-100 Insolubility of Different Envelope Proteins in Virus-Infected MDCK Cells
Proteins
Percentage of TX-100 insoluble surface proteins (average  SD)
WSN HAtyr VSV
Apical Basolateral Apical Basolateral Apical Basolateral
HA (HA1  HA2) 75 4 86 4 62 3 64 3 NA NA
NA 63 4 77 5 66 4 84 5 NA NA
G NA NA NA NA 17 3 9 3
Note. WSN and HAtyr virus-infected cells at 4 hpi and VSV-infected cells at 2.5 hpi were labeled with 300 Ci/ml of 35S-protein-labeling mix for 1 h
followed by 1.5 h chase. Labeled cells were surface biotinylated and trypsinized from either apical or basolateral side and treated with 1.0% TX-100
for 10 min on ice. Both soluble (S) and insoluble (I) biotinylated surface proteins were immunoprecipitated by respective antibodies, analyzed in
SDS–PAGE, autoradiographed, and quantified by densitometric analysis as described under Materials and Methods. NA; Not applicable.
TABLE 5
TX-100 Insolubility of Different Proteins in Virions
Proteins
Percentage of TX-100 insoluble proteins (average  SD)
WSN virus extracted
with TX-100
HAtyr virus extracted
with TX-100
VSV virus extracted
with TX-100
1.0% 0.1% 1.0% 0.1% 1.0% 0.1%
HA 45 2 95 3 9 2 88 5 NA NA
NA 44 3 89 4 38 2 91 3 NA NA
M1 41 4 65 3 2 1 63 3 NA NA
G NA NA NA NA 2 1 4 2
Note. Labeled WSN, HAtyr, and VSV virions were extracted with 1.0 or 0.1% TX-100 in TNE buffer for 10 min on ice followed by ultracentrifugation
to separate soluble and insoluble fractions as described under Materials and Methods. Soluble and insoluble proteins were immunoprecipitated by
respective antibodies, analyzed in SDS–PAGE, autoradiographed, and quantified. NA; Not applicable. HA; HA0  HA1  HA2.
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targeting of HAtyr protein (60%) in both virus-infected
cells as well as in transfected cells indicate that other
viral proteins including M1 did not affect basolateral
targeting of HAtyr protein. HAtyr virus released from
apical surface contained less spikes and less HA protein
with respect to M1 and NP (Table 2). This is likely due to
FIG. 8. Apical budding of HAtyr virus in polarized MDCK cells. MDCK cells grown on polycarbonate filter were infected with HAtyr virus at 3.0 m.o.i. At
10 hpi, infected cell monolayers were cross-linked in 2% glutaraldehyde and postfixed with 1% OsO4. Filters were embedded in Epon; 60-nm-thick sections
were stained with uranyl acetate and lead citrate and examined with a transmission electron microscope. (A) HAtyr virus-infected cells. (B and C) Magnified
portions from apical (including a portion of lateral) and basolateral side, respectively, of A. Arrows indicates virus particles or empty virus-like particles.
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the fact that compared to WSN-infected cells, less HA
was present in the apical surface of HAtyr virus-infected
cells and therefore less HA was incorporated in the
HAtyr virus particles. It has been shown that virus bud-
ding does not require both HA and NA since virus par-
ticles lacking either HA or NA can bud in HA or NA ts
mutants at the restrictive temperature (Pattnaik et al.,
1986; Palese et al., 1974). Besides, virus budding has
been shown to occur in the absence of NA or M2 (Liu et
al., 1995; Watanabe et al., 2001). Furthermore, it has been
recently shown that M1 protein alone in the absence of
any envelope protein can form and bud virus-like parti-
cles (VLPs) (Gomez-Puertas et al., 2000). Therefore ab-
sence of NA (and possibly M2) in the basolateral surface
could not account for the lack of virus budding from the
basolateral surface. Unlike wt HA, HAtyr undergoes en-
docytosis from both apical and basolateral surfaces.
However, HAtyr undergoes endocytosis at a rate two
times faster from the basolateral surface compared to
that at the apical surface. However, whether increased
endocytosis would drastically affect virus budding from
basolateral surface is unclear. One could argue that
efficient endocytosis of HAtyr protein would interfere
with interaction and accumulation of other viral compo-
nents with HAtyr at the basolateral surface and thereby
prevent budding of virus particles. However, several viral
glycoproteins undergo endocytosis, yet these viruses
can bud from either apical or basolateral surface. Similar
to HAtyr, HN protein of SV5 virus also undergoes endo-
cytosis from cell surface (Leser et al., 1999), yet HN
protein of SV5 is incorporated efficiently into virus parti-
cles. Another possibility is that virus budding occurs at
the basolateral surface but in the absence of NA they
remain bound to the cell-surface receptor and therefore
are internalized immediately. However, this is unlikely
since even when bacterial neuraminidase was present in
the basolateral chamber, there was no significant in-
crease of virus particles. Moreover, when NA is absent in
virus particles or at the cell surface, budded virus parti-
cles aggregate, as has been observed for viruses with
NA ts mutation (Palese et al., 1974) or with no NA at all
(Liu et al., 1995). No such aggregations of virus particles
were seen on the basolateral surface in HAtyr virus-
infected cells.
It can be argued that influenza virus budding requires
lipid raft predominantly present on the apical membrane
to produce virus particles with ordered lipid membrane
(Brown and London, 1998a,b) and that the fraction of
HAtyr transported to the apical surface but not to the
basolateral surface interacted with lipid raft. However, as
our data show that although the lipid raft association of
HAtyr was less than that of wt HA, the lipid raft associ-
ation as determined by TX-100 insolubility was essen-
tially same in both apical and basolateral surfaces of
virus-infected cells. Besides, some viruses such as HIV,
which bud from the basolateral side, also possess lipid
rafts in their envelope (Nguyen and Hildreth, 2000). Fur-
thermore, lipid rafts are not an absolute requirement for
influenza virus budding, as was shown for HAtail/NA-
tail viruses, where HA was more TX-100 soluble than in
HAtail/NAtail viruses (Zhang et al., 2000b). Moreover,
TX-100 analysis of HAtyr protein shows that as in in-
fected cells, HAtyr present in virus particles was also
more TX-100 soluble compared to HA in WSN virus
particles (Table 5). Therefore, infectious virus particles
containing more TX-100-soluble lipids were produced
from infected cells. Taken together, these results would
suggest that HA, the major glycoprotein, was not the
main determinant for selecting the apical vs basolateral
site of budding and that other factors may be responsi-
ble. Among the viral components, the matrix protein (M1),
which is a critical factor in budding and particle forma-
tion, may be an important factor in selecting the polar-
ized budding site. With measles virus, which buds pre-
dominantly from the apical surface, although its F and H
are expressed predominantly on the basolateral surface,
it has been suggested that polarized expression of M
protein or interaction of M protein with glycoproteins at
the apical plasma membrane domain may favor apical
budding (Naim et al., 2000). In addition to M1 protein, NP
or vRNP or M1/vRNP complex of influenza A virus could
have polarized distribution and may facilitate apical bud-
ding. However, how such cytoplasmic protein could have
a targeted polarized distribution remains unknown. As
mentioned earlier (Figs. 8B and 8C), we consistently
observed empty virus-like particles with similar size of
the virus particles in the lateral intercellular space. It is
not clear if these particles represent abortive virus buds
containing HA and M1 but not vRNP. Further analysis on
the nature of these particles may aid in understanding
the lack of efficient budding from basolateral surface. If
these particles contain M1 and HA but lack vRNP, vRNP
may play a critical role in polarized budding of influenza
virus. Alternatively, some specific cellular factor(s)
present at the plasma membrane may interact with in-
fluenza viral components to initiate the budding process.
In conclusion, we have shown that the basolateral tar-
geting of HA does not affect the apical budding of influ-
enza virus, suggesting that the major envelope glycop-
rotein does not determine the budding site and that other
factors are responsible for selecting the budding site of
influenza viruses on the plasma membrane of infected
cells.
MATERIALS AND METHODS
Cell cultures
MDCK cells obtained from the American Type Culture
Collection (ATTC) were maintained in Dulbecco’s modi-
fied Eagle’s medium (DMEM; Invitrogen Corp., Grand
Island, NY) supplemented with 10% fetal bovine serum
(FBS), penicillin (100 U/ml), and streptomycin (100 g/ml).
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Costar transwell clear or polycarbonate insert filter units
(24 mm diameter) with a pore size of 0.4 or 3.0 m
(Corning Costar, Cambridge, MA) were used for growing
polarized MDCK cells. Cells (1.2  106) were seeded on
filter with 2.5 and 1.5 ml growth medium in basolateral
and apical chambers, respectively, and grown for about
60 h to form tight monolayers. The polarity of cell mono-
layer and the formation of tight junctions were deter-
mined by measuring the transepithelial resistance (Si-
mon and Vitra, 1994) with an EVOM voltmeter (World
Precision Instruments, New Haven, CT). Cell monolayers
with transepithelial resistance  1400  cm2 were used
for experiments with polarized cells.
Generation of HAtyr virus using reverse genetics
Mutation (Cys561 3 Tyr561) in the cytoplasmic tail of
HA (A/WSN/33, H1N1) was introduced using megaprimer
PCR mutagenesis (Sarkar and Sommer, 1990). The mu-
tant HA cDNA was introduced into the plasmid-contain-
ing RNA polymerase I promoter and terminator, using
BsmBI site as described previously (Neumann et al.,
1999). The transfectant virus containing the mutated HA
(HAtyr) was generated entirely from cloned cDNAs (A/
WSN/33 RNA segments) in 293T cells (Neumann et al.,
1999), designated as HAtyr virus, and was amplified in
MDCK cells. The mutation in transfectant virus was con-
firmed by sequencing RT-PCR product of HA vRNA.
Virus propagation and plaque assay
For stock virus preparation, A/WSN/33 (WSN) or HAtyr
virus in WSN genetic background was grown in MDCK
cell monolayers (75-cm2 flask). Cells were inoculated
with viruses at 0.001 m.o.i. using virus dilution buffer
(VDB; PBS supplemented with 0.5 mM MgCl2, 1.0 mM
CaCl2, 50 g/ml DEAE dextran, and 0.2% BSA) and main-
tained at 33°C in virus growth medium (VGM; MEM
containing 4% vitamin BME, 1.0 mM HEPES, 100 U/ml
penicillin, 100 g/ml streptomycin, 0.2% BSA, 1.6 mg
NaHCO3, and 15 g/ml DEAE dextran) in the presence of
0.5 g/ml TPCK-treated trypsin (Sigma Chemical Co., St.
Louis, MO). Plaque assays were performed using 24-h-
old MDCK cell monolayers (35-mm dish) in the presence
of 0.5 g/ml TPCK-treated trypsin (unless stated other-
wise) in agarose overlay medium (VGM containing 0.6%
LMP agarose) as reported previously (Tobita et al., 1975).
Polarized budding of WSN and HAtyr virus
MDCK cells grown for 60 h on Costar transwell poly-
carbonate insert filters (3.0 m pore size and 24 mm
diameter) were washed with PBS (PBS containing 0.5
mM MgCl2 and 1.0 mM CaCl2), inoculated with either
WSN or HAtyr viruses at 3.0 m.o.i. using 0.6 ml of VDB at
37°C for 1 h. Infected cells were washed twice and
incubated with VGM in a CO2 incubator at 37°C. At 9 hpi,
infected cells were treated with or without 10 U/ml of
bacterial neuraminidase (Sigma) from both apical and
basolateral chambers for 1 h. At 10 hpi, medium was
collected from both chambers and treated with or without
TPCK-treated trypsin (10 g/ml) at 37°C for 1 h with
gentle shaking and titrated by PFU assay.
To quantify the release of radiolabeled virus in apical
and basolateral chambers, infected MDCK cells at 4 hpi
were metabolically labeled for 2 h with 300 Ci/ml 35S-
Easy Tag Express protein labeling mix (Perkin–Elmer Life
Science, Inc., Boston, MA) and chased with VGM. After
3 h of chase (at 9 hpi) cells were treated with or without
bacterial neuraminidase (10 U/ml) from both apical and
basolateral chambers for 1 h. At 10 hpi, media from both
chambers were harvested and clarified by low-speed
centrifugation. Virions were pelleted in a Beckman SW55
rotor (40K rpm, 90 min, 4°C), resuspended in NTE buffer
[10 mM Tris–HCl (pH 7.4), 100 mM NaCl, 1 mM EDTA],
and lysed in RIPA buffer containing 0.5% SDS at 37°C for
1 h with gentle shaking. Lysates were adjusted to 1
RIPA, immunoprecipitated with monoclonal antibodies
against HA and M1, analyzed in SDS–PAGE, and autora-
diographed.
Thin-section electron microscopy
Sixty-hours-old MDCK cells grown on polycarbonate
filters (3.0-m pore size and 24 mm diameter) were
infected with either WSN or HAtyr or VSV viruses at
3.0 m.o.i. (from the apical side for WSN or HAtyr viruses
and from the basolateral side for VSV). At 10 hpi (6 hpi for
VSV), virus-infected cells were cross-linked in 2% glutar-
aldehyde in PBS and postfixed with 1% OsO4 in PBS.
Filters were dehydrated, cut out from filter units, and
embedded in Epon. Sections (60 nm thick) were stained
with uranyl acetate and lead citrate and examined with a
JEOL JEM-100CX electron microscope (JEOL Ltd., Tokyo,
Japan).
Stable expression of HA or HAtyr proteins
in MDCK cells
HAtyr or wt HA were expressed from cDNAs under the
control of -actin promoter using the expression vector
pABWN containing the neomycin resistance marker
(Niwa et al., 1991). MDCK cells were transfected by the
cDNAs using Lipofectamine Plus reagent (Invitrogen)
and clones expressing the neomycin-resistance marker
were selected in the presence of 750 g/ml (after cor-
rection) of genticin (G418 sulfate; Invitrogen) in the cul-
ture medium. Cells expressing wt HA or HAtyr protein
were identified by labeling with 35S-protein-labeling mix
and immunoprecipitating with anti-HA monoclonal anti-
body. Neomycin-resistant, uncloned cells expressing the
wt HA or HAtyr proteins were used to avoid any clonal
variation. Furthermore, uncloned cells were obtained
from at least three independent transfections. The polar-
ity of each transfected cell line used in the experiments
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was confirmed by determining the transepithelial resis-
tance.
Plasma membrane domain-selective biotinylation and
internalization assay
Costar transwell clear insert filter units with 0.4-m
pore size and 24 mm diameter were used. Filter-grown
MDCK cells stably expressing wt HA or HAtyr proteins or
filter-grown virus-infected MDCK cells at 4 hpi were
metabolically labeled for 60 min with 35S-protein-labeling
mix and chased for 1.5 h in VGM containing cold L-
methionine and L-cysteine. Cell-surface proteins were
assayed by surface-specific biotinylation as described
previously (Kundu et al., 1991; Kundu and Nayak, 1994)
with the following modification. Biotin reaction was done
three times for 20 min at 4°C with 0.6 g/ml Sulfo-NHS-
SS-Biotin (Pierce Chemical Co., Rockford, IL) in PBS
containing 0.1 mM CaCl2 and 1.0 mM MgCl2 (PBS-CM).
For biotinylation and trypsinization together, biotin reac-
tion was done twice in the presence of 100 g/ml of
TPCK-treated trypsin and washed twice with PBS-CM,
and biotin reaction was carried out again in the presence
of 100 g/ml trypsin inhibitor (soybean; Sigma). Unre-
acted biotin was removed by two washes of DMEM
containing 1% BSA.
Internalization of biotinylated surface protein was as-
sayed according to the procedure described elsewhere
(Thomas et al., 1993). Briefly, biotinylated cells were kept
at 37°C in prewarmed VGM for different lengths of time
for internalization of biotinylated protein to occur. Cells
were then returned to ice and the biotin attached to the
surface proteins was removed with glutathione-reducing
solution (50 mM glutathione, 90 mM NaCl, 1.0 mMMgCl2,
0.1 mM CaCl2, 10% FBS and pH was adjusted to 8.5 with
NaOH). The reducing solution was applied twice for 20
min each, and free glutathione was then reacted with 5
mg/ml iodoacetamide in PBS containing 1% BSA. Parallel
set samples at different time points were not reduced
and were used as for total biotinylated protein. The filters
were then cut out of the holder, and cells were lysed in
0.8 ml RIPA buffer by constant agitation for 90 min at 4°C
in a 1.6-ml microcentrifuge tube. The lysates were cen-
trifuged, and the supernatant was immunoprecipitated
with monoclonal anti-HA antibody. Immunoprecipitates
were recovered with Protein A-Sepharose (Pharmacia,
Uppsala, Sweden) and washed three times with RIPA
buffer. The immunoprecipitate was eluted from Sepha-
rose by boiling twice for 2 min each in 100 l of elution
buffer [1% SDS, 0.2 M Tris–HCl (pH 8.5), and 5 mM EGTA]
and then washed with 300 l RIPA (without SDS) buffer.
Both the elutes and the wash were pooled and incubated
with 50 l Immunopure Immobilized Streptavidin-aga-
rose beads (Pierce Chemical Co.) for 40 min at 4°C. The
beads were then washed three times with RIPA buffer;
biotinylated proteins were eluted by boiling in sample
buffer, analyzed by SDS–PAGE, and autoradiographed.
Autoradiograms were quantified by densitometric analy-
sis using a Personal Densitometer SI and the Image-
QuaNT software program (Molecular Dynamics Inc.,
Sunnyvale, CA). The percentage of endocytosis was cal-
culated from biotinylated proteins remained after reduc-
tion over total biotinylated protein.
Endo H digestion of HA
Twenty-four hour grown monolayers of MDCK cells
were infected with WSN and HAtyr viruses at 1 m.o.i.,
labeled at 4 hpi for 30 min with 35S-protein-labeling mix,
and chased for different lengths of time in VGM contain-
ing cold L-methionine and L-cysteine. Cell lysates were
immunoprecipitated with monoclonal antibody against
HA; immune complexes were recovered by Protein A-
Sepharose beads and eluted in denaturing medium by
boiling. One-half of the sample was either treated with or
without 10 mU Endoglycosidase H (Endo H) for 18 h at
37°C (Kundu et al., 1991), analyzed by SDS–PAGE, auto-
radiographed, and quantified.
Analysis of the protein composition of virus particles
Infected MDCK cells were labeled at 4 hpi for 12 h with
300 Ci of 35S-protein-labeling mix using nine parts
DMEM (Met/Cys) and one part regular DMEM con-
taining 10% FBS (Zhang et al., 2000a). At 16 hpi, medium
was harvested and clarified by low-speed centrifugation,
and virions were pelleted by ultracentrifugation. Virions
were lysed with RIPA, immunoprecipitated by monoclo-
nal antibodies against HA, NP, and M1, analyzed in SDS–
PAGE, autoradiographed, and quantified.
Assays for TX-100 insolubility
TX-100 insolubility of proteins expressed at the cell
surface was determined as described previously (Zhang
et al., 2000b) with the following modification. WSN, Hatyr,
and VSV-virus infected cells at 4 hpi (2.5 hpi for VSV
infected cells) were labeled with 300 Ci/ml of protein-
labeling mix for 60 min followed by 90 min chase. La-
beled cells were biotinylated and trypsinized from either
the apical or the basolateral side (as described above).
Membranes were cut out from filter units, transferred to
1.6-ml microcentrifuge tubes, and extracted with 1% TX-
100 (Boehringer Mannheim, Germany) in TNE on ice for
10 min. Soluble extracts were collected as soluble frac-
tion and insoluble cell layers on membrane were lysed in
RIPA buffers and lysates were collected as insoluble
fraction. Both soluble (S) and insoluble (I) surface pro-
teins were immunoprecipitated by respective antibodies,
analyzed in SDS–PAGE, autoradiographed, and quanti-
fied. To examine the TX-100 insolubility of different pro-
teins in virions, labeled WSN, Hatyr, and VSV virions
were isolated, extracted with 1.0% or 0.1% TX-100 in TNE
buffer for 10 min on ice, followed by ultracentrifugation to
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separate the soluble and insoluble fraction. Soluble (S)
and insoluble (I) proteins were adjusted to 1 RIPA,
immunoprecipitated by respective antibodies, analyzed
in SDS–PAGE, autoradiographed, and quantified.
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